ribosome-associated protein Asc1p (Sezen et al. 2009 ). Co-purification of Bfr1p with mRNPs 82 is independent of Scp160p but Bfr1p is required for Scp160p's association with polysomes 83 (Lang et al. 2001) . Consistent with its putative role in translation, Bfr1p is present in the 84 cytoplasm but also localizes to the endoplasmic reticulum (ER), possibly due to its interaction 85 with polyribosomes translating membrane or secreted proteins (Lang et al. 2001) . 86 87 Potential RNA targets of Bfr1p have been revealed in several studies using RBP-88 immunoprecipitation coupled with microarray analysis (RIP-Chip; (Hogan et al. 2008 )), 89 Manchalu et al. 4 crosslinking and immunoprecipitation (CLIP; (Mitchell et al. 2013 )), or RNA-tagging (Lapointe 90 et al. 2015) . All studies concurrently reported that Bfr1p binds to several hundred different 91 mRNAs. The set of Bfr1p-associated mRNAs largely overlaps with those that encode 92 proteins translated at the ER (Lapointe et al. 2015; Jan et al. 2014) . A similar observation 93 had been made for Scp160p (Hogan et al. 2008 ; Lapointe et al. 2015) , supporting the idea 94 that the protein is implicated in ER-based translation. 95
96
In addition, Bfr1p functions in stress-related mRNA decay. During glucose depletion, Bfr1p 97 relocates to P-bodies at a late stage of P-body formation (Simpson et al. 2014) . It is also 98 required for targeting of mRNAs to P-bodies at a late phase of stress. In unstressed cells, 99
Bfr1p as well as Scp160 act as negative regulators of P-body formation, probably by 100 protecting mRNA at polysomes (Weidner et al. 2014 ). Lack of any of these proteins results in 101 P-body like structures even under optimal growth conditions (Weidner et al. 2014 ). Loss of 102
Bfr1p additionally leads to changes in the cell ploidy (Jackson and Képès 1994) . Such ploidy 103 changes could be the result of chromosome missegregation due to a failure to build a 104 functional mitotic bipolar spindle. Monopolar spindles can arise from defects in spindle pole 105 body (SPB) duplication and the SPB component Bbp1p has been reported to bind to Bfr1p 106 (Xue et al. 1996) . In addition, Bfr1p interacts with the SESA (Smy2-Eap1-Scp160-Asc1) 107 network that controls spindle pole duplication (Sezen et al. 2009 ). 108 109 All previous studies that reported on phenotypes associated with loss of Bfr1p were 110 performed with BFR1 deletion cells. Since loss of Bfr1p results in alterations of the genome 111 (Jackson and Képès 1994) , it remained unclear, if the observed effects are a direct 112 consequence of Bfr1p loss and to what extent loss of RNA binding or mis-regulation of Bfr1p 113 targets contribute to the phenotypes. Therefore, we generated Bfr1p mutants with point 114 mutations in known RNA-binding sites in order to establish a link between mRNA binding, 115 brefeldin A resistance, ploidy control, and translation. Here, we demonstrate that RNA-116 binding is required for Bfr1p function in translational regulation of mRNAs including ERG4 117 that encodes an ergosterol synthesizing enzyme, and that this function is independent of 118 Bfr1's role in ploidy maintenance. 119 120
RESULTS

121
RNA-binding of Bfr1p is required for its localization to the ER 122
The non-canonical RBP Bfr1p is involved in several cellular processes including transfer and 123 retention of mRNAs to P-bodies (Simpson et al. 2014; Weidner et al. 2014 ), translation (Lang 124 et al. 2001) , and response to functional failure of the yeast spindle pole body or kinetochore 125 (Sezen et al. 2009; Low et al. 2014) . We generated bfr1 mutants in order to address the 126 question of whether RNA-binding is required for all processes. Since Bfr1p lacks canonical 127 RBDs, we made alanine substitutions at amino acid positions that had previously been 128 identified to cross-link with RNA in-vivo (Kramer et al. 2014; Lapointe et al. 2015 ) (Figure 129 S1). Out of the six RNA contact sites have been described, we initially focused on the two 130 amino acids (K138, F239) that are most highly conserved in Bfr1p among different yeast 131 species ( Figures 1A and S1 ). In addition, we generated a shorter Bfr1p variant that lacks the 132 third coiled coil domain, which is devoid of any identified RNA contact sites (Kramer et al. 133 2014) . When expressed as carboxyterminal GFP fusion proteins in a bfr1∆ yeast strain, 134
Bfr1p mutant proteins with point mutations in two cross-link sites (K139 or F293) or in all six 135 sites are expressed similarly ( Figure S2A and S2B) as endogenous full-length Bfr1p (Bfr1p 136 WT FL). Similar results were obtained for the deletion mutant Bfr1p(1-397). In exponentially 137 growing yeast cells, Bfr1p is located in the cytoplasm and at the ER (Lang et al. 2001 ), which 138 is recapitulated by our Bfr1-GFP fusion protein ( Figure 1B and 1C ). Whereas deletion of the 139 third coiled coil domain does not affect this distribution, mutation of all six conserved RNA 140 cross-link sites as well as also the single exchange of F239A results in a partial loss of Bfr1p 141 from the ER as determined by live cell imaging and subcellular fractionation ( Figure 1B and 142 C). The majority of wild-type Bfr1p co-sediments with a membrane fraction containing ER as 143 judged by the distribution of the ER marker Sec61p. Similarly, the signal of Bfr1p(1-397) in 144 the membrane fraction is also more prominent than in the cytoplasmic fraction. In contrast, 145 the ratio of Bfr1p between membrane and cytoplasmic fraction is inversed for the 146 bfr1mutF239A mutant. Out of all the single point mutations, F239 is the only cross-link site 147 for which a mutation affects ER localization. Single mutations in each of the other five sites 148 result in no change in Bfr1p distribution ( Figure S2C ). In order to investigate if the loss of ER 149 localization of bfr1mut6 and bfr1mutF293A proteins is due to loss of RNA binding, we 150 followed the distribution of wild-type Bfr1p in subcellular distribution in lysates treated with 151 RNase A ( Figure 1D ). RNA degradation results in a similar redistribution of Bfr1p from the 152 membrane fractions to a cytosolic fraction, same as that observed for the mutant proteins. 153
This suggest that RNA-binding ability of Bfr1p is required for its localization to the ER in 154 yeast. 155
156
Since deletion of BFR1 is associated with various phenotypes, we also tested if bfr1mut6 or 157 Figure 2A ). However, a similar shift is not seen in the 162 tested mutants ( Figure 2A ). Overexpression of BFR1 has been demonstrated to rescue the 163 brefeldin A sensitivity of a yeast mutant lacking the ERG6 gene (Graham et al. 1993; Shah 164 and Klausner 1993). Since all tested bfr1 point mutants including mutant bfr1mut6A are still 165 able to rescue erg6∆ to a similar level as the wild type ( Figure 2B ), we conclude that none of 166 these sites are important for suppression of the brefeldin A sensitivity in erg6∆. Similarly, 167 none of the RNA-binding mutants lead to occurrence of premature P-bodies is observed in 168 Bfr1p affects their function. We therefore addressed the physiological changes of potential 183
Bfr1p RNA targets upon mutation of its RNA contact sites. Since Bfr1p is enriched at the ER 184 where mRNAs encoding membrane or secreted proteins are translated, we focused on five 185
Bfr1p targets that encode proteins of these groups and whose functions have been linked to 186 pulldowns than by Bfr1-GFP pulldowns ( Figure 3B ). Importantly, ERG4 enrichment is lost in 206 the bfrmut6A mutant, supporting the idea that this mRNA is a direct target of Bfr1p. 207
We have previously shown that RBPs like She2p test if Bfr1p directly interacts with ribosomes and if its interaction with mRNA occurs during 241 translation. For this, we first generated a strain expressing an HA-tagged Bfr1p and showed 242 that it co-immunoprecipitates ribosomes, using the ribosomal small subunit protein Rps3p as 243 proxy ( Figure 5A , IP). Treatment with RNAse, which depleted only mRNAs but did not affect 244 ribosomal RNA ( Figure S3A ) shifts a large fraction of Rps3p from the co-immunoprecipitated 245 fraction into the flow through ( Figure 5A, FT) . This indicates that to a large part binding of 246 Bfr1p to ribosomes is mRNA dependent. To check whether Bfr1p interacts with its target 247 mRNAs (e.g. ERG4) during translation or independent of it, we replaced the wild-type ERG4 248 mRNA with a mutant ERG4 lacking the AUG and expressed it in cells with a yeGFP-tagged 249 variant of Bfr1p. Functional ERG4 mRNA co-immunoprecipitates with Bfr1p-yeGFP 250 (enrichment of 1.96 +/-0.34 over mock), whereas ERG4(-AUG) mRNA does not (1.11 +/-251 0.44; Figure 5B ), which is consistent with the idea of translation-dependent association of 252 in bfr1∆ cells is very similar to that of wild-type cells ( Figure 5C ), indicating that their 260 ribosomal occupancy is independent of Bfr1p. In contrast, the amount of ribosome-261 associated ERG4 is reduced. Since this method cannot distinguish between monosome-or 262 polysome-associated mRNAs, we applied polysome fractionation and determined the 263 distribution of mRNAs between mono-and polysomes, which can serve as proxy for the 264 translational efficiency of a given mRNA. Ribosome distribution between fractions containing 265 free ribosomal subunits, monosomes, or polysomes is similar in wildtype, bfr1∆ and 266 bfr1mut6A cells, as judged by the polysome/monosome ratio of 18S rRNA ( Figure 5D The yeast RNA-binding protein Bfr1p has been implicated in various cellular functions, 281 ranging from control of spindle pole body duplication to P-body formation. Since Bfr1p binds 282 to several hundred mRNAs and is found in the polysome fraction during sucrose gradient 283 centrifugation, the multiple phenotypes associated with loss of BFR1 might result from a 284 function in translation or translation regulation. In order to establish additional evidence for 285 this model and to investigate if loss of RNA-binding is causing the reported phenotypes 286 associated with BFR1 deletion, we studied the consequences of mutations in documented 287 RNA-binding sites (Kramer et al. 2014 ). The mutated amino acids are conserved between 288 several yeast species and are located in the first and second coiled coil domain of Bfr1p as 289 well as in the region connecting these two coiled coils. Conversion of six of these RNA 290 contact sites to alanines (bfr1mut6A) results in loss of the mRNA binding capacity as shown 291 for ERG4 mRNA. As a consequence, the ER localization of Bfr1p is lost and the protein 292 redistributes to the cytoplasm. This suggest that Bfr1p is targeted to ER in a piggy-back 293 manner via bound mRNAs that are translated at the cytoplasmic face of the ER. Among the 294 six conserved RNA contact sites, phenylalanine 293 seems to be the most critical since loss 295 of ER association can also be seen for the F293A mutation. Surprisingly, although ER 296 association is lost in these mutants, none of the other described phenotypes that have been 297 described for bfr1∆ cells can be detected ( Similarly, the third coiled coil domain of Bfr1p, which does not contain any identified RNA 305 contact site is also dispensable for controlling P-body formation and ploidy. This suggests 306 that these functions of Bfr1p are associated with its amino-terminal section but might be 307 mediated by protein-protein rather than protein-RNA interactions. 308 309 A large fraction of Bfr1p target mRNAs encode proteins translated at the ER (Lapointe et al. 310 2015) . Several RBPs have been described that participate in or mediate mRNA association 311 with the ER independent of translation or SRP-mediated targeting (Cui and Palazzo 2014) . 312
These include mammalian p180 and Kinectin (CUI 2012) and the yeast RBPs She2p 313 (Schmid et al. 2006) or Khd1p (Syed et al. 2018) . In contrast to these, Bfr1p is not required 314 for ER localization of at least one of its bound mRNAs, ERG4. In this respect, it mimics 315 Scp160p, with which it shares its polysome association and ER co-localization. Although not 316 necessary for mRNA localization, Bfr1p is required for the proper translation of the encoded 317
Erg4 protein, which is consistent with its binding to translating polyribosomes ( (Lang et al. 318 2001); Fig. 5A+B ). Not only is the total amount of Erg4 protein lower in bfr1∆ cells but the 319 distribution of this membrane protein is altered and enriched in the cytosol rather than the 320 membrane fraction. Erg4p catalysis the final step of ergosterol synthesis from 5,7,22,24(28)-321 ergostatetraenol to ergosta-5,7,22-trien-3beta-ol. However, despite the observed altered 322 protein distribution, we have not detected changes in the ergosterol level of bfr1∆ cells 323 versus wild-type cells. It is thus likely that the remaining amounts of properly translated and 324 targeted Erg4p suffices for ergosterol synthesis. 325 326 Concomitant with a postulated role of Bfr1p in translation of ERG4 mRNA, we also observed 327 a decrease of the fraction of ERG4 mRNA that co-purifies with ribosomes. Surprisingly, the 328 ratio of ERG4 mRNA on polysomes versus monosomes increases, which is apparently 329 contradictory to the findings of reduced translation. However, a similar observation has been 330 made for cells lacking the conserved RBP Scp160p, although for a different set of mRNAs 331 (Hirschmann et al. 2014 ). The reduced association of certain tRNAs with translating 332 ribosomes in cells lacking Scp160p has led to the model that Scp160p is required for efficient 333 translation of specific mRNA subsets and that its loss results in pausing or stalling of 334 ribosomes on mRNAs (Hirschmann et al. 2014 ). We envision that Bfr1p might function 335 similarly to Scp160p but might be important for a regulating a different set of mRNAs 336 encoding membrane or secreted proteins at ER. 337
338
MATERIALS AND METHODS 339
Yeast strains and plasmids 340
Generation of yeast strain and plasmids used in this study as well as general methods 341 including cell lysis and subcellular fractionation are described in Supplementary Methods. 342 343
Confocal microscopy 344
In vivo imaging of fluorescent labelled proteins was carried out from inoculation of single 345 colonies into SC or SDC medium containing 2% glucose and overnight growth at 30° C. 346 Logarithmically growing cells were harvested and re-suspended in 100µl of fresh medium. 347
Cells were spread on thin agarose pads containing SC or SDC with 2% glucose and grown 348 for 30 minutes at 30° C before observing in microscope (ZEISS AxioExaminer equipped with 349 a CSU spinning disc confocal unit; Visitron Systems, Germany). Images were acquired with a 350 63x oil objective using VisiView software (Visitron Systems). Post image processing was 351 performed using Fiji software as described in (Syed et Ribosome affinity purification (RAP-IP) to determine ERG4 and OSH7 mRNAs bound to 416 ribosomes was performed as described in (Hirschmann et al. 2014 ). For the quantifications 417 of mRNAs bound to the ribosomes, qRT-PCR was performed and the enrichment of mRNAs 418 determined using the ∆ ∆ CT method. An enrichment of mRNAs from TAP purification (in wild-419 type and bfr1∆) was considered only if at least two fold greater than from mock purification 420 (strains without TAP tags). The % ribosomal occupancy of bfr1∆ was then plotted against 421 wild-type levels for the ACT1, ERG4, MID2 and OSH7 mRNAs ( Fig 5C) . 422 423
Brefeldin A sensitivity drop assay 424
A single colony of yeast cells was inoculated and grown overnight before diluting it into fresh 425 medium to grow until logarithmic phase. Cells were harvested and washed once with sterile 426 water. One OD 600 unit of cells was used for serial dilution and 3 µl of dilutions were plated on 427 SDC-leu medium with or without 50 µg/ml of brefeldin A (eBioscience TM ). Cells were grown 428 for 72 hrs at 30°C. Coulter) and representative graphs were plotted manually using values obtained from the 435 software. 436
Polysomes profiling 437
Separation of mono-and polysomes was done as described in (Mittal et al. 2017 ) and 438 performed with three biological replicates of wildtype, bfr1Δ and bfr1mut6A strains. 439
Logarithmically growing cells were treated with 100µg/ml cycloheximide (CHX) for 1 minute, 440 harvested by vacuum filtration and flash frozen with liquid nitrogen. Cells lysis was 441 performed under cryogenic conditions using lysis buffer (20 mM Tris-HCl, pH 7.5, 100 mM 442 NaCl, 10 mM MgCl 2 , 1% Triton X-100, 0.5 mM DDT and 100 µg/ml of CHX) and a bead mill 443 (Spex Inc., Metuchen, NJ, USA). Cell debris was removed by centrifugation for 3 min at 444 3,000 xg and 4 °C followed by 10,000 xg for 5 minutes at 4 °C. To separate monosomes and 445 polysomes, 10 A 260 units of lysates were loaded on pre-cooled 12 ml of 7% -47% linear 446 sucrose gradients (50 mM Tris-HCl, pH 7.5, 50 mM NH 4 Cl, 12 mM MgCl 2, 0.5 mM DTT, and 447 100 µg/ml CHX) and centrifuged at 35,000 rpm for 3 hours at 4° C in a TH-641 rotor (Thermo 448 Scientific) before collecting the monosome and polysome peaks ( Fig 5E) . RNA was isolated 449 by adding 5µl of glycogen and phenol:chloroform (5:1) before re-extraction of the aqueous 450 phase with chloroform and precipitation in ethanol overnight at -20°C. RNA pellets were 451 resuspended in 30 µl of HPLC grade water and processed for cDNA synthesis and qRT-452 PCR. 453 454 ACKNOWLEDGEMENTS 455
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